Eruptions at large calderas are normally preceded by variable rates of unrest that continue for 7 decades or more. A classic example is the 1994 eruption of Rabaul caldera, in Papua New 8
Introduction 29
Large calderas, with surface areas of 100 km 2 are qualitatively similar to the evolution in deformation regime; the conditions for elastic-157 brittle behaviour may therefore yield also a quantitative description of the caldera's unrest. 158
Rabaul's VT events have typical magnitudes of less than 2 and record the movements of 159 faults ~0.01-0.1 km across, much smaller than the dimensions of ~km for the deforming crust. 160
The crust's bulk behaviour can thus be approximated to that of an elastic medium containing 161 a dispersed population of relatively small faults. The rate of faulting is governed by slow 162 crack growth around fault tips. Until a critical rate is achieved, continued cracking requires an 163 increase in applied stress, as observed for quasi-elastic deformation (Kilburn, 2012); at faster 164 rates, crack growth becomes a self-accelerating process even when the applied stress remains 165 constant, as expected in the inelastic regime (Kilburn, 2003) . Bulk deformation can therefore 166 be described by a mean-field model for a crust with a population of small faults that slip at 167 rates determined by slow crack growth (Kilburn, 2003 (Kilburn, , 2012 . 168 169
Quasi-elastic deformation 170
For the quasi-elastic regime, the mean-field, slow-crack model yields an exponential increase 171 in the mean inelastic deformation, in, with total mean deformation, t (Kilburn, 2012): necessary to pull bonds apart, equivalent to the tensile strength T. For extension, therefore, 206 Sch = T < S* and is the preferred characteristic stress for a crust stretching during uplift.
207
Different modes of failure are associated with specific ranges for the ratio SF/T (Shaw, 208 1980) . In an extending crust, SF/T4 for failure in tension, but lies between 4 and 5.5 for 209 failure in combined tension and shear; in comparison, SF/T>5.5 for failure in compression 210 (Shaw, 1980) . At Rabaul, a maximum quasi-elastic uplift of 1.9 m was recorded at Matupit 211 Island (Fig. 4) , with a potential maximum of 2.2 m near the presumed centre of uplift 212 offshore. Given hch = 0.53 m, therefore, the maximum value for h/hch yields the range 3.6-4.1 213
for SF/T, further supporting the interpretation of quasi-elastic crustal extension for the 214 exponential VT-uplift trend. 215 216
Inelastic deformation 217
In the inelastic regime, changes in total deformation are determined only by fault movement, 218 so that measures of total and inelastic deformation increase in proportion to each other. The 219 substitute parameters uplift and VT event number also increase together to yield a linear 220 trend: 221
where the gradient (dN/dh)i is the change in VT event number per unit uplift and the subscript 225 "i,0" denotes values at the start of the inelastic regime. Such a trend well describes the VT-226 deformation behaviour at Rabaul for uplifts greater than 2 m and yields a best-fit gradient of 227 6.23 x 10 4 events per metre (Fig. 4) . The change from an exponential to a linear trend is thus 228 consistent with the transition from quasi-elastic to inelastic deformation of Rabaul's crust. 229
Under the constant applied stress of the inelastic regime, the mean field model shows that 230 the approach to bulk failure is characterised by mean rates of inelastic and total deformation 231 that accelerate hyperbolically with time (Kilburn, 2003), equivalent to a linear decrease in the 232 inverse event rate: 233 The correponding trends for changes in the mean rates of deformation and VT number 241 will show the same form as Eq. (5). For example, the inverse deformation rate is given by: 242 The inelastic trend had become established by the beginning of 1992, when uplift at 247
Matupit Island had reached 2 m (Fig. 4 ). Manipulating Eq. (6), the hyperbolic increase in contemporaneous VT event rate is: 255 The two trends agree well during the start of the inelastic regime, but begin to diverge after 262 about 11 months. At this time, the rate of increase in event rate with time changes from 263 hyperbolic to approximately constant, yielding values as much as 3% greater than expected 264 from the calculated trend (Fig. 6 ). Although the difference in values is small enough to give 265 an approximate proportionality between N and h in Fig. 4 , the difference suggests a 266 systematic deviation from the expected trend. 267
Relaxing the assumption that dN/dh is constant, Eq. (Fig. 7) . Slip in the crust around zones of opening would not necessarily 278 require any coalescence of faults and so not lead to a significant change in the average 279 magnitude of VT events. At the same time, opening of the discontinuities themselves need not 280 generate significant seismicity, because tensile stresses normal to the plane of a discontinuity 281 do not favour slip along its length (Troise et al., 1997) . 282
A decrease in dN/dh would produce total numbers of events smaller than those expected 283 from the calculated trend and, by itself, cannot account for the observed increase above the 284 expected values. Larger numbers of VT events could be obtained by an increase in the total 285 number of faults being activated around the caldera rim. Coalescence would favour a decrease 286 in fault number (Smith and Kilburn, 2010) , whereas growth of a large discontinuity would 287 favour an increase in the number of smaller faults activated in its vicinity. Qualitatively, 288 therefore, the deviation of VT event numbers from the idealised inelastic trend may reflect the 289 onset of significant stretching and upward opening of the ring-fault system around the rim of 290 the caldera. An opening fault would in addition provide an initial pathway from which magma 291 escaping from the shallow reservoir could force its way to the surface (Fig. 7) . Indeed, the 292 propagation of magmatic fractures could account for the increases in local seismicity and 293 uplift observed during the 27 hours before the start of the 1994 eruptions (Global Volcanism 294
Program, 1994b; Blong and McKee, 1995). 295 Saunders (2001) has also proposed that Rabaul's deformation was controlled by the 296 ascent of magma through caldera ring faults. Magma was considered to have been forcefully 297 injected into faults throughout unrest, generating an overpressure in the resulting dykes that 298 induced lateral compression and associated uplift of the caldera floor. Such a mechanism is 299 distinct from the current interpretation, in which overpressure in a magma reservoir favours 300 surface uplift and inward bending of the crust near the reservoir until the ring faults open 301 sufficiently to favour magma ascent (Fig. 7) . 302 303 13
Discussion 304

The shallow magmatic system at Rabaul caldera. 305
The 1994 eruptions at Rabaul were preceded by a progressive extension of the caldera's crust 306 from at least 1971. During 1991-1992, the style of deformation evolved from quasi-elastic to 307 inelastic, as shown by the following: (1) the VT event number increased at first exponentially 308 and then linearly with uplift (Fig. 4) , (2) the transition between trends occurred when the 309 inferred ratio of applied stress to tensile strength was approximately 4, and (3) the final 310 inelastic behaviour was characterised by a linear decrease with time in the inverse mean rate 311 of uplift, equivalent to a hyperbolic increase in the mean rate of deformation (Fig. 6) . 312
The onset of bulk failure is expected to have occurred at or near the margin of a magma 313 body, either through the equivalent of hydraulic failure of the body itself, or by the opening of 314 a major discontinuity at the caldera's boundary. In either case, the recorded VT events reflect 315 slip along small faults in the crust surrounding the magma body or major discontinuity. 316
In the case of hydraulic failure, the maximum compressive stress (1) at the margin of the 317 magma body is the sum Pe,0 + Pm of the effective confining pressure (the confining pressure 318 -pore-fluid pressure) at the start of deformation and the overpressure imposed by the magma 319 body (Gudmundsson, 2011a). Opening of a ring fault may instead occur as the crust of the 320 uplifting caldera is pulled inwards and away from its periphery (Fig. 7) , in which case 1  maximum depths of c. 1.2 km and 2.6 km for dry and water-saturated conditions. Given that 331 most of the caldera lies under water (Fig. 1) , the preferred solution is for a fluid-saturated 332 crust with a pressure source at depths of less than 2.6 km, consistent with the geodetic 333 modelling of McKee et al. (1984) and Geyer and Gottsmann (2010). 334
Remarkably, the types of deformation regime are revealed by the numbers of VT events 335 and uplift as simple measures of seismicity and deformation. No filtering has been applied, 336
for example, to select VT events within a prescribed range of completeness magnitudes. 337
Throughout unrest, therefore, the proxy measures appear to have remained in the same 338 relative proportion to the amounts of inelastic and elastic deformation and imply that, at 339
Rabaul: (1) the bulk mechanical behaviour of the crust can be approximated to that of a 340 medium containing a dispersed population of relatively small discontinuities; (2) the 341 magnitude-frequency distribution of VT events remained approximately constant; and (3) the 342 essential geometry of deformation also remained approximately constant. 343 344
Applications to large calderas in general. 345
The evolution from quasi-elastic to inelastic deformation is expected to be common during 346 long-term unrest at large calderas. Conditions for recognising the evolution were particularly 347 favourable at Rabaul because uplift continued throughout unrest to provide a simple measure rock (Secor, 1965) and, hence, the total volume of the crust on which a differential stress is 357 being applied. They allow ground movement to occur without altering the magnitude of either 358 the applied differential stress or the difference between between total and elastic deformation. 359
Ideally, therefore, increases and decreases in pore-fluid pressure can induce ground uplift and 360 subsidence without changing the applied differential stress or triggering significant additional 361 seismicity (notice that the ideal conditions do not refer to fluids becoming pressurized within 362 existing fractures, which will instead promote fracture growth and attendant seismicity). 363
Increased pore pressure, however, also reduces the differential stress at which bulk failure 364 occurs (Secor, 1965) and this reduction may trigger additional fracturing. Hence the idealised 365 case of aseismic ground movement following a change in pore pressure implicitly assumes 366 that induced changes in failure stress can be neglected. Such pre-failure behaviour can be 367 recognised on a VT-deformation diagram by abrupt changes in deformation without a change 368 in the total number of VT events (Fig. 8) . Once recognised, the movement due to changes in 369 pore-fluid pressure can be removed before applying the elastic-brittle model to the remaining, 370 sustained deformation caused by changes in differential stress (Fig. 8) . First, the potential for eruption depends on the proportion of inelastic behaviour during 395 deformation. In addition to monitoring changes in seismic and geodetic precursors with time, 396 therefore, it is important to follow changes in VT event number with a measure of 397 deformation to determine the regime of crustal deformation. 398
Second, an eruption is most likely to occur after the transition to inelastic behaviour. The 399 transition can be recognised by a change from an exponential to a linear trend in the variation 400 of VT event number with deformation; additional support for a physical change can be 401 obtained from the maximum value of the deformation ratio (in this case h/hch) at the end of 402 quasi-elastic behaviour, which for deformation in tension is not expected to exceed 4. 403 
